Ion-Sensitive Field-Effect Transistors (ISFETs) form a wide-spread technology for sensing, thanks to their label-free detection and intrinsic CMOS compatibility. Their current sensitivity, ΔID/ID, for a given ΔpH, however, is limited by the thermionic limit for the Subthreshold Slope (SS) of Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFET) and by the Nernst limit. Obtaining ISFETs with a steep slope transfer characteristics is extremely challenging. In this paper we combine the merits of traditional ISFETs with the performance boosts offered by the insertion of a Negative Capacitor in series with the Gate contact. The effect of the Negative Capacitance (NC) is beneficial from two points of view: (i) first, it lowers the SS, which provides increased current sensitivity in the weak inversion regime, and (ii) it provides a significant overdrive of the sensor, which reduces its power consumption. In the proposed tests with NC PZT capacitors, we demonstrate experimentally a reduction of the SS by 44%, combined with a current efficiency improvement of more than two times. As a consequence of the steeper SS, the current sensitivity to pH is improved by 78%. False positive results, in which an improvement in the SS is observed because of secondary effects, are screened out measuring the differential gain of the Ferroelectric Capacitor (FECap), which is bigger than 1 only when the true NC effect arises. We also performed tests with a non-capacitively matched Ferroelectric ISFET and observed no improvement in the SS, coherently with the claims that only the true Negative Capacitance effect can provide the differential gain needed for the performance improvements. In the last part of the paper, we investigate a new sensing method for pH in NC ISFET, based on the differential gain given by the NC: the peak of this characteristics is in fact observed to shift monotonically with the pH of the Liquid Under Test (LUT), the same way as the threshold voltage (V th ) of the ISFETs does. Overall, this paper is the first experimental demonstration of performance enhancements of ISFETs through exploitation of the NC effect.
The possibility of using FETs for sensing has been known since the paper of Piet Bergveld in1970 1 . After that first break-through, the advantages given by their low fabrication cost, low power consumption, and intrinsic CMOS compatibility have been exploited in many studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In its conventional configuration, an ISFET has a structure almost identical to that of a MOSFET, the only difference being that the Gate metal contact is removed and substituted with a liquid Gate, composed by the LUT and a Reference Electrode (RE) which applies the bias. This modification allows the ions present in the solution to influence the transconductance of the channel thanks to the difference between their concentration at the interface with the Gate (buffered by the amphoteric sites of the sensing layer) and in the bulk of the LUT 13 . The equation relating the Drain current (I D ) of the device to the Gate bias is therefore modified to keep into account this contribution. Equation (1) shows the new relation in weak inversion condition, which gives the strongest relative current dependence on the Gate bias. γ 2.3α .
In this equation, q is the elementary charge, n is the ideality factor of the device (n ≤ 1 for conventional FETs and ISFETs), kT is the thermal energy, V GS is the Gate-Source Voltage, γ is a constant taking into account the RE potential and α is a parameter (α ≤ 1) which denotes the ionbuffering capabilities of the gate material. Achieving label-free measurements with extremely scalable sensors and low power consumption has proven especially intriguing for wearable devices and POC analysis. Recently, Shogo Nakata et al. demonstrated on-skin testing of a flexible ISFET-based wearable device for continuous monitoring of pH 14 . Matthew Douthwaite showed a similar device, but with a focus on energy harvesting techniques based on thermoelectricity 15 . A wearable device with an integrated miniaturized Quasi-RE (QRE) and functionalized ISFET gates, able to simultaneously monitor pH and the concentration of Sodium and Potassium ions, has also been presented 16 and many other projects have been carried out on similar topics [17] [18] [19] . One of the challenges that must be faced, when moving from an expensive and time-consuming laboratory analysis to a fast, cheap and potentially real-time POC one, is the loss of precision due to the limited complexity of sensor and read-out systems, as well as to the added noise coming from a non-controlled environment. In biological analysis, even small relative variations in the concentration of a biomarker can be relevant 20 which brings a continuous need of systems with improved sensitivity. Recently, negative capacitance of ferroelectric materials has been proposed as a mean to step up the gate voltage and hence, improve the SS of field-effect transistors 21, 22 . It is well-established that the employ of a FE-Cap in-series with the Gate of a field-effect transistor could offer an internal voltage amplification, which has been proven to reduce the SS below the thermal limit of conventional MOSFETs 23 . The NC region of ferroelectrics is unstable, showing hysteretic jumps in the polarization. However, this region can be stabilized if the FE-Cap is placed in-series with a positive capacitor of proper value24. In this study, we investigate the potentials of the application of the true Negative Capacitance effect to improve the pH response of conventional ISFETs. A Pb(Zr,Ti)O 3 (PZT) Fe-Cap, as the NC booster, is placed between the Gate bias source and RE. In a well-designed structure, the NC of PZT is fully stabilized by the series capacitance of the ISFET, performing an almost hysteresis-free behavior. As a result of the true NC effect, the SS of the ISFET is reduced by 44% and the pH sensing is consequently improved by 78%.
Principle The overall sensitivity of an ISFET relies on two transductions: (i) the first is relating the ion concentration in the solution to the V th shift and is determined by the buffer capacitance of the material used for sensing, and, (ii) the second is the one relating the Vth shift to the I D level variation, which depends on the efficiency of the gate coupling of the device. The insertion of an NC booster in series with the sensing gate ( Figure 1a ) is meant to improve the sensing ability of ISFETs acting on this second transduction by providing voltage amplification. This results in steeper ISFET characteristics, meaning that the same amount of pH variation leads to a stronger change of I D compared to the conventional device (Figure 1b) . In this embodiment, the FE-Cap is used to m for a ful Furtherm material Figure   1a ) to theoretically investigate the impact of a negative capacitance booster on the ISFET operation. Our model was based on the study reported by Velikonja et al. 27 , in which the capacitance of the liquid in contact with an electrode is described as the series of the one of the Stern Layer (i.e. the thin layer composed by the molecules which bind to the electrode) and the one of the Diffuse Layer (i.e. the part of the liquid in which molecules are free to diffuse). The capacitance seen by the Fe-Cap is therefore given by the series of the Diffuse Layer capacitance, the Stern Layer capacitance, the Gate oxide capacitance and the Silicon depletion layer capacitance, all in parallel with the parasitic capacitance given by the measurement setup. The Stern Layer and Diffuse Layer capacitances both depend non-linearly on the electric field falling on the Stern Layer, which in turns depends on both capacitances due to the capacitive voltage divider effect. An analytic solution is therefore not possible and the capacitance of the Double Layer will have to be evaluated self-consistently for each combination of Gate bias value and LUT pH. The FE-Cap behavior is modeled using the Landau-Khalatnikov theory of ferroelectrics 28 . We postpone the detailed mathematical analysis of the total capacitance seen by the Fe-Cap to the Supplementary Information section and report here the numerical solutions, obtained as a function of the applied bias, for the NC gain δV int /δV out (Figure 2c ). The pH of the solution is set to 4.
Experiments NC matching has been attempted with a Fully-Depleted Ultra-Thin Body Silicon On Insultator (FD UTB SOI) ISFET which we fabricated in the CMi cleanroom: this ISFET, while showing a poor metal gate SS of 118 mV/dec, is interesting from a point of view of capacitive matching thanks to its fully depleted nature, which makes its equivalent capacitance independent from the external bias. An Ultra-Thin Body Silicon On Insulator (UTB SOI) ISFET has been fabricated to test the foreseen performance improvements. The fabrication process of the device is depicted in Figure 3a ). The starting substrate is an ultra-thin (70 nm thick) SOI resting on a BOx with a thickness of only 20 nm, to improve the control via the backgate bias (V BG ). The SOI layer is further thinned to 30 nm with an oxidation-etch cycle to achieve good electrostatic control. Photolithography has been used to define the phosphorus implantation areas for S and D and, after thermal annealing, has been employed again to define the physical shape of the devices before HBr plasma etching. A thin layer (5 nm thick, according to the TEM measurement) of SiO2 has been grown before the Atomic Layer Deposition (ALD) of the gate dielectric (HfO2) to improve the interface quality, reducing charge trapping and hysteresis. Ti-Pt gates have been deposited by lift-off on the FET channels. Photolithography and Ion Beam Etching (IBE) have been employed to open holes in the dielectric layer over the S and D areas, to allow electrical connection of the devices with sputtered Pt metal lines. Excellent ohmic contacts have been achieved on 30 nm Si film. A passivation SU-8 layer has been spin-coated on the devices to insulate the metal lines from the LUT. The openings for the sensing gates have been photolithographically defined (Figure 3d ). For the fabrication of the Fe-Cap, a 46 nm thick high-quality epitaxial Pb(Zr,Ti)O 3 (PZT) film was grown by Pulsed Laser Deposition (PLD) on a DyScO 3 (DSO) substrate. A 20 nm thick SrRuO 3 (SRO) layer was grown, before the PZT deposition, as the bottom electrode. 50 nm of Pt is then deposited and patterned using shadow masking technique to serve as the top electrode. Figure 3f ) depicts the schematic of the PZT capacitor together with its polarization characteristic. capacitive matching with the electrolyte double-layer has been introduced and verified through a comparison with the actual NC gain measured in this work. We also showed that, when this capacitive matching is not achieved, the transfer characteristics show a strong hysteresis and no improvement of the SS. The dependence of the gain peak position on the pH of the solution analyzed has been reported and explained in terms of the dependence of the RE potential on the activity of the chloride ions in the LUT. This secondary effect has been proposed as an additional method for the measurement of pH in a solution.
